Introduction
The practice of conventional silviculture with regular removal of stems in production thinnings from about age 20 has resulted in windthrow of many forest crops in upland Britain. Once started, windthrow tends to spread to adjacent areas and frequently results in the need for premature clearfelling of the site. Harvesting costs at such sites are large and since relatively few stems are of large sawlog sizes, the net result is that the profitability of the enterprise is jeopardized. In consequence, many plantation forests in the UK have been designated 'no thin' because thinning would reduce their rotation length and hence overall volume production. Nevertheless, the final assortment of materials available from unthinned forests will contain a much smaller proportion of logs in the valuable large sizes, than considered likely at establishment. Moore (1973) described a silvicultural system termed 'oceanic forestry' which seemed capable of overcoming the problems of windthrow and loss of volume production. Moore asserted that by early heavy thinning to about 1000 stems ha -1 (before the thinnings were of commercial sizes), the remaining trees would be inherently more wind stable and that timber volume production would be as great as from unthinned stands. In 
Summary
Stands of 9-to 11-year-old Sitka spruce with 2000 trees ha -1 growing at elevations between 150 and 500 m in southern Scotland were respaced to leave 1500, 1000, and 500 trees ha -1 . Fifteen years later, there was no loss of volume production relative to control plots (2000 trees ha -1 ) when only 1500 trees remained and even with only 1000 trees ha -1 , amounts of standing volume differed significantly from control plots only at the highest altitude site. Height growth was unaffected by respacing but as expected, stem taper was significantly greater at wide spacings (Pр0.001) and most pronounced at the most exposed high altitude site.
Although there were no significant differences of timber density at breast height for trees growing at differing spacings, timber density decreased significantly with increasing stem girth. However, r 2 accounted for only 15 per cent of the variation. Branch size and the frequency of large branches (>25 mm thick) increased significantly as intertree spacing increased.
Although removal of up to 50 per cent of stems had little effect on timber volume production, early respacing dramatically increased coarse branching which could restrict the end uses of the timber. contrast, observations in conventional spacing experiments (Hamilton and Christie, 1974) indicate that plantations with closely spaced trees produce greater volume than stands with more widely spaced trees and that volume reduction associated with wide spacing, is slightly greater in high yield class stands. Although broadly in agreement with Hamilton and Christie (1974) , Kilpatrick et al. (1981) found greatest volume production in plantations containing between 2200 and 2600 stems ha -1 but demonstrated that loss of volume production was only 3-4 per cent of that amount when stands contained as few as 1600-1800 stems ha -1 . Edwards and Grayson (1979) examined the likely effects of respacing Sitka spruce and concluded that merchantable yield would be reduced at the wide intertree spacings created by respacing. They also found that the costs of respacing and associated reduction of wood quality indicted that the most profitable forest operations were likely to be based on planting 1800-2400 trees ha -1 . Ford (1980) assessed the claims and counter-claims of 'oceanic forestry'. However, information relating to production in pre-commercially thinned crops in the UK was lacking, so Ford was unable to verify that stand volume production from 'oceanic forestry' would be as large as that from conventionally managed stands. However, utilizing data from North America, and in contrast to the findings of Edwards and Grayson (1979) , Ford demonstrated that the commercial value of a crop with intensive early thinning could exceed the value of more conventionally managed crops, even when total volume production from the intensively thinned stand was only 60 per cent of that from the conventionally tended crop.
The objective of this study was to examine volume production, stem form, and aspects of timber quality resulting from a range of precommercial thinning treatments. This report describes developments in the 15 years following respacing.
Methods
Three sites originally managed by the Economic Forestry Group and located in Eskdalemuir Forest (55°10Ј N 3°15Ј E) in southern Scotland were selected for study. Each site carried a similarly aged (8-11 years old) crop of Sitka spruce of Queen Charlotte Island provenance and had been established at 2000 stems ha -1 . Some details of each site are given in Table 1 . The trees were respaced to 1500, 1000 and 500 trees ha -1 by cutting the trees close to ground level in 1980. Control plots were maintained at establishment stocking. The respacing operation aimed to achieve as regular a spacing as practicable, thus trees were not culled using those selection criteria appropriate to normal silvicultural operations. However, wherever possible, trees to be retained in the respaced plots were selected such that they were not markedly smaller than average, coarsely branched or carried more than one stem. Nevertheless, trees with these undesirable features were occasionally left in situ to satisfy the requirement for 'regular' spacing of trees. At each site, four replicate plots of each treatment and control were produced and set out in four separate randomized blocks. Each experimental plot contained 20 trees and was enclosed by 'guard' rows of trees at the same spacing as in each experimental plot.
Tree height, (five trees plot -1 ) and girth at breast height (1.3 m, 20 trees plot -1 ) were measured annually at the end of the growing season from 1980 until 1988. Maximum branch lengths in the direction of ploughing, and at 90°to the direction of ploughing, were recorded in 1985 on five trees in each treatment at each site. Subsequently, trees were remeasured before budburst in 1996. Additional measurements made in 1996 on the two trees most closely approximating mean diameter in each plot were (1) the diameter of the largest branch, and numbers of branches thicker than 25 mm on the whorl closest to 2 m height and its subtended interwhorl, and (2) timber density. The latter observations were made on two cores which extended from the bark to the pith and which were extracted at 90°to each other at breast height. Thus eight cores were obtained per treatment per site. Cores were oven dried before weighing. They were subsequently polished with sand paper to reveal the pattern and extent of ring widths in each core. Mean plot diameter growth between 1988 and 1996 was estimated for each treatment at each site from relative ring widths in these cores. To do this, mean diameter in 1988 was subtracted from mean diameter in 1996. Annual diameter growth between these dates was estimated from the pol- During the course of the study, ownership of the lowest elevation plantation changed and in 1993, extraction racks were cut into some of the experimental plots. Damage had been localized to the immediate environs of felled trees and there was little evidence of detrimental effects either on the remaining trees or more widely on the soil. Where plots had been affected by the extraction racks, trees adjacent to those which had been removed had probably had their growth rates stimulated by the creation of additional growing space. To take this effect into account, for each plot where trees had been removed, a regression equation of girth in 1988 on girth in 1996 was calculated with 95 per cent confidence intervals for trees unaffected by the insertion of extraction racks. The r 2 for the regression lines averaged about 0.9. Girth data for trees that were adjacent to the extraction racks were then superimposed on the fitted graph and those lying above the 95 per cent confidence interval (larger than predicted) were assumed to have been influenced by the creation/presence of the extraction rack and were rejected. Data for trees adjacent to extraction racks but which were smaller than predicted by the fitted 95 per cent confidence intervals were accepted as valid.
Results

Height growth
Following respacing, there were no significant between-treatment differences in tree height at any site. However, trees at the mid altitude site were significantly (Pр0.01) shorter than those at the other two sites (Table 2 ). Five years after respacing, there was no significant difference in tree height between those at the low and high altitude sites, but trees at the lowest site remained taller (Pр0.05) than those at the mid altitude site. Five years after treatment, tree heights were examined by analysis of variance which revealed no significant height differences between treatments, indicating that height growth in the 5 years following treatment was unaffected by respacing. Similarly, there were no significant effects of tree spacing on mean tree height 15 years after treatment. However, trees at the lowest altitude had grown significantly taller 14.7 m, (Pр0.05) than those growing either at high (10.9 m) or at mid altitude (11.3 m), thus trees at the high altitude site where height in 1980 was greatest, were shortest 15 years after respacing (Pр0.001). 
Girth and basal area development
As with tree height, within sites, there were no significant differences of mean tree girth or basal area (Ba) between treatments following respacing. However, the trees at high altitude were thicker than those at other sites (Pр0.05, Table 3 ) and respacing had significantly reduced Ba ha -1 in the treated plots. Although precisely 25, 50 and 75 per cent of the trees were removed in the differing plots during respacing, the fraction of Ba removed did not equal the fraction of trees removed. Table 4 lists the fractions of Ba ha -1 remaining after respacing in 1980. Whereas at the low altitude site, 25 per cent respacing (to 1500 trees ha -1 ) removed only 7.4 per cent of the Ba, at the mid altitude site, 25 per cent respacing reduced Ba by 44 per cent. Figure 1 illustrates accumulating mean tree girth in the period 1980-96. During 1980-87, tree girth was quite similar irrespective of intertree spacing, but thereafter, trees at wide spacings grew faster in girth than those growing at closer spacings (Pр0.001). The most striking difference in girth occurred for trees respaced to 500 ha -1 whose girth in 1996 was larger by a factor of 1.6 than trees growing at 2000 ha -1 . For trees respaced to 500 ha -1 , girth growth curves appeared more linear than growth curves of trees at other spacings. The latter became noticeably non-linear about 1988, suggesting that maximal rates of annual girth increments at spacings closer than 500 trees ha -1 had been achieved about that date. Relative differences in tree girth at the different sites seemed positively related to growth rate. For example, at low altitude, where growth was fastest, relative differences in girth at the different tree spacings were more evident than at the mid altitude site where growth was slowest. Figure 2 illustrates the development of Ba ha at 2000, 1500, 1000 and 500 stems ha -1 respectively.
Stem taper
Without exception mean stem taper declined progressively (Pр0.001) as number of trees per hectare increased (Table 5 ), suggesting that widely spaced trees should have centres of gravity closer to the ground than trees at closer spacing. Stem tapers were greatest at the high elevation site where stem height was smallest. There were no significant interactions between spacings and sites. Mean stem tapers averaged over all sites and expressed as d.b.h. (cm)/height (m) were 52 FORESTRY Figure 3 . Relationship between the fraction of basal area retained at respacing and the fraction present in respaced plots relative to that in control plots 15 years later for respaced Sitka spruce plantations growing at Eskdalemuir in southern Scotland. 
Timber density
The overall range of mean timber density was 361-531 kg m -3 . Although analysis of variance revealed significant differences of timber density between sites (Pр0.05), there were no significant effects of tree spacing on timber density. Neither were there significant interactions between sites and spacing. Similarly, covariance analysis using girth as covariate failed to demonstrate significant differences of timber density at the differing spacings. When all observations at all sites were included, there was a significant negative correlation between timber density and girth, but r 2 accounted for only 15 per cent of the variability in timber density. Table 6 lists mean values of timber density for each spacing at each site. Timber density was significantly greater at the mid altitude site than at the high altitude site (Pр0.05) and surprisingly, at high altitude, timber density was least in plots containing 2000 trees ha -1 .
Canopy projection
Whereas by 1985 mean maximum branch length was large enough to achieve foliage overlap among evenly spaced trees in all treatments at high altitude, and in all except the 500 ha -1 treatment at the low altitude site, branches at the mid altitude site were shorter, and capable of achieving foliage overlap only in the control plots. However, the somewhat irregular spacing of trees in the respaced plots undoubtedly extended the period necessary to achieve full site occupancy and probably explains why maximum girth increments occurred a few years later than may have been predicted by measurements of branch length.
Branch size
The diameter of branches at their junctions with the stem increased as inter-tree spacing increased (Pр0.001). Diameters of the largest branch on the whorl closest to 2 m height are illustrated in Table 6 for trees in all treatments at each site. Similarly, the total number of branches thicker than 25 mm at their junctions with stems which were produced on the whorl closest to 2 m height and on the interwhorl above that position, increased significantly (Pр0.001) as inter-tree spacing increased (Table 6 ). Such differences in branch thickness prevailed even at the closest spacings, e.g. largest branches were significantly thicker in plots containing 1500 trees ha -1 than in plots containing 2000 trees ha -1 (Pр0.05).
RESPACING SITKA SPRUCE 53 Discussion Fraser (1972) found that exposure to wind reduced height growth, particularly of dominant trees and Mitchell and Denne (1995) reported decreased height growth in a stand which had been thinned following Moore's (1973) oceanic methods.
However, in the current study, and in that of Rollinson (1988) , height growth was unaffected by respacing in the early years following treatment.
Shelter from the large adjacent blocks of trees at establishment stocking may have reduced exposure in the respaced plots. Had the respaced plots been larger, reduced height growth at wide spacings may have occurred. Effects of exposure can be seen by comparing the data from high and low altitude sites. In 1980, trees at the highest elevation were tallest and those at the lowest elevation were shortest. However, by 1996 trees at low elevation were tallest and the more exposed trees growing at high elevation were shortest. Interestingly, plots with larger than average mean tree height in 1980 contained trees which were larger than average in 1985. This result suggests that individual trees can be selected for height growth from an early stage of plantation development.
Thinning significantly influenced the development of individual tree basal area. As expected, basal area per tree increased as the number of trees per hectare decreased and the extent of the between treatment differences in girth were greatest at sites where growth was fastest. Although Ba ha -1 in the thinned plots increased relative to the amount in the unthinned controls in the period 1980-85, Ba ha -1 in the thinned plots remained smaller than that in the control plots until at least 11 years after respacing. Ford (1982) found that canopy closure and maximum annual girth increments did not occur until age 15 in a Yield Class 16 Sitka spruce plantation established at regular 1.8-m spacing. Consequently, although many of the plots could have achieved at least the stage of foliage overlap by 1985, the irregular spacing of trees in the thinned plots delayed full canopy closure and hence the timing of maximum annual growth increments by 2-5 years at the wider spacings. Nevertheless, by 1992 at the low elevation site, greatest Ba ha -1 was found in plots containing 1500 trees ha -1 . It was unfortunate that the experimental stand at low elevation had been disrupted by silvicultural operations, but projections made at the end of 1988 when annual measurements ceased (7 years before disruption), predicted that the cumulative Ba ha -1 curves would converge about 1991 at the two closest spacings and thereafter, Ba accumulation would be greater in plots containing 1500 trees ha -1 . The data collected in 1996 verify this prediction and confirm that the partly transformed data can be accepted as typical for the response of young Sitka spruce to respacing at a low elevation site.
The result that respacing the young plantations from 2000 trees ha -1 to leave only 1500 trees ha -1 had no significant effect on timber volume production, is in line with results from Rollinson (1988) and the Baronscourt trial in Ireland (Kilpatrick et al., 1981) where volume production at 1600-1800 stems ha -1 was only 3-4 per cent less than the timber volume produced by 2200-2600 stems ha -1 . Irrespective of site, plots containing 500 trees ha -1 always contained least merchantable volume, but by 1995, differences in merchantable volume between plots containing 1000 stems ha -1 and those containing 1500 or 2000 stems ha -1 were only statistically significant at the high altitude site. Clearly, standing volume, even in plots with only 1000 stems ha -1 is increasing faster than in plots containing 2000 trees ha -1 . These results give some credence to Ford's (1980) assertion that in short rotations, 1000 stems ha -1 can produce more volume than more densely planted crops. Hamilton and Christie (1974) reported slightly larger decreases of volume production at wide spacings in high yield class stands than in slower growing plantations. These preliminary results obtained in this study are at variance with that view, loss of production was least at the fastest growing site. However, respacing at low elevation had 54 FORESTRY removed less basal area than at other sites. The present results also dispute the views of Edwards and Grayson (1979) who asserted that wide spacings reduce the merchantable yield of wood. However, the data collected here were from a more restricted range of spacings than those considered by Edwards and Grayson. Although the relative final production figures from these respaced plots may change as the plantations age, the current indications suggest that volume production at 1500 trees ha -1 will be at least as great as from 2000 stems ha -1 . It also seems possible that yield with only 1000 stems ha -1 will not be dramatically different from yield with 2000 stems ha -1 because differences in timber volume between plots containing 2000 trees ha -1 and those with fewer trees will almost certainly diminish even further as self-thinning and mortality increase. Kilpatrick et al. (1981) found that when trees reached a top height of 18.5 m, 30 per cent and 10 per cent mortality occurred in plots containing 3000 and 1500 trees ha -1 respectively. Mortality was negligible at wider spacings.
The greater stem taper in the respaced plots suggests that the trees will be able to survive the almost inevitable onset of windthrow for longer than trees at establishment spacing. Cremer et al. (1982) found that with Pinus radiata, low initial stocking density and early heavy thinning geared to sawlog production, produced strongly tapered stems which were more wind stable than trees at closer spacing. The capacity to continue to add volume to large logs will have financial, as well as timber benefits. Milne and Brown (1990) measured the damping of sway at the low elevation site during 1990 for trees in the 500, 1000 and 2000 stems ha -1 plots. This parameter describes how quickly motion of the tree induced by wind gusts will decay due to the effects of aerodynamic drag on branches, interaction of branches with those of neighbours and mechanical damping in the stem. Milne and Brown (1990) also compared damping at the low elevation site with damping at another location where the spacing of trees was much closer with 3800 stem ha -1 (Milne 1994) . The results, which are summarized in Table 7 , show that as the spacing between trees increased, the net damping decreased, primarily due to the reduction in interaction with branches of neighbouring trees. However, at the widest spacing, the damping was similar to that in the dense stand. This is likely to be due to the significantly different shape of the trees at the wide spacing. These trees had greater basal stem diameter and many more branches which would increase mechanical stem damping and aerodynamic damping respectively. Milne (1992) compared estimates of the bending stress on stems due to peak gusts of wind for a 2000 stems ha -1 forest with trees as at the low elevation site, with those having the characteristics of trees in the 3800 stems ha -1 site and with trees with 3800 stems ha -1 characteristics but with tree spacing artificially halved in the calculations. These comparisons showed that although the artificially 'thinned' conditions for the 3800 stems ha -1 site would significantly increase stress on individual stems, there would be similar stresses on respaced stems. Hence any greater stability in respaced stands must be due to improved growth conditions causing greater root strength.
Although there were no significant effects of spacing on timber density, the existence of a significant if rather weak relationship between timber density and tree size was not entirely unexpected. Savill and Sandels (1983) reported that timber density of Sitka spruce decreased from 0.42 g cc -1 at 2000 stems ha -1 to 0.38 g cc -1
with 320 stems ha -1 . However, they found more variation (63 per cent) in timber density between trees within spacing treatments than between spacing treatments (12 per cent) and concluded that spacing effects on timber density were insignificant in comparison with genetic effects and the influence of site factors. More recently, Simpson and Denne (1997) reported that the correlation between timber specific gravity and original spacing improved and became increasingly positive as plantations aged. Simpson and Denne (1997) also found that the effects of original spacing on specific gravity in unthinned stands were less evident than those reported by Brazier and Mobbs (1993) who conducted an earlier study at the same site. Simpson and Denne (1997) suggest that such changes arise from self-thinning as trees age. They argue that survivors will be those which were more vigorous and in consequence, will possess large juvenile cores. Therefore early associations between ring width or specific gravity and original spacing will diminish with time because trees at close spacing will selfthin earlier than those at wider spacings.
Increased production of timber in the larger more valuable sawlog sizes with concomitant reduction of the fraction of small roundwood which is periodically difficult to market, is one of the overall objectives of respacing. However, even although respacing to as few as 1000 trees ha -1 resulted in little penalty in terms of productivity or timber density, there were large effects of respacing on branch size which would undoubtedly reduce the marketability of the timber into quality sawlog markets. The characteristics having most effect on the commercial acceptance of wood are knot size and number of knots (Brazier, 1977) . Thus, treatments such as thinning and respacing, which permit branches to grow for extended periods, will reduce timber quality. In this study, there was a consistent increase in branch size and numbers of large branches as inter-tree spacing increased and the absolute diameters of branches in this study were larger than those reported from other respaced plots. For example, at Baronscourt, Kilpatrick et al. (1981) reported maximum branch size of 4.3 cm at a top height of 15.7 m in a 30-yearold stand which contained only 320 trees ha -1 . However, the respacing at Baronscourt took place when the trees were 12 years old, more than 4 m tall and the lowermost branches were almost touching. In the present study, respacing occurred when the trees were only about 3 m tall and had crowns which were clearly isolated from each other. It seems possible that in terms of branch growth, the respacing at Eskdalemuir was too early because it enabled the lowermost branches to survive for too long. This enabled the branches to achieve diameters which pose serious problems for timber quality. Had the respacing been delayed, knot sizes would have been smaller. In contrast to these detrimental effects on branch size, Mitchell and Denne (1995) found no significant difference between branch sizes in stands which had either been managed conventionally with regular thinning or respaced following Moore's (1973) recommendations, i.e. at respacing, trees were cut at the interwhorl above the lowest live whorl. Moore (1973) asserted that the regrowth of these cut trees would suppress branch growth on the selected final crop trees and Mitchell and Denne's data lend support to that hypothesis.
It seems unlikely that early respacing of Sitka spruce to leave about 1500 trees ha -1 will reduce merchantable volume relative to stands containing 2000 trees ha -1 . However, if the objective of the respacing is to create a wind-stable stand with high quality timber for the sawnwood market, measures to reduce potential branch size appear necessary. Brashing is the obvious solution, but it would dramatically increase costs and may also decrease productivity. Mitchell and Denne's (1995) data indicate that detopping trees above the lowest live whorl did control branch growth, but critics of the oceanic system fear that the detopped trees may not always die; they could recover to compete with the final crop (Edwards and Grayson, 1979; Ford, 1980; Rollinson, 1988) . Mitchell and Denne (1995) do provide evidence that some regrowth of detopped trees occurred and Rollinson (1988) noted severe competition between detopped and final crop trees. Chemical respacing at late thicket to early pole stage is also a possible solution which has some advantages (Ford and Deans, 1985) . At thicket stage, trees are sufficiently large to make a final crop selection of the better stems and the chemically treated trees tend to die slowly and thus retain some capacity to shade adjacent branches. Once their leaves have fallen, the dead stems seem to sway less in the wind than live stems and thus they almost certainly provide some buffering capacity against windthrow in the vulnerable period between treatment and reclosure of the canopy. Brazier and Mobbs (1993) indicate that where the object of a silvicultural operation is to produce timber of sufficient quality to meet existing industry standards, the number of trees planted should not be less than 2500 ha -1 . This recommendation is based on the need to reduce the size of the low density juvenile core of wood, knot size and knot number. Of these three undesirable features, the effects of knots are likely to be most severe. Simpson and Denne (1997) found that differences in the amounts of juvenile wood associated with spacing tend to decrease as stands age because the slower growing trees with less juvenile wood succumb to competition. If a non-interventionist silviculture which maximizes production on a limited number of wind-stable stems is desired, planting 2500 plants of equal growth potential is not a sensible option. However, the known growth rates of differing species could be used to select controlled competitive mixtures, which would self-thin to leave the desired final crop. Such ideas are not new, they have been frequently advocated and some 'self-thinning' mixtures have been tried previously. There are a few small-scale examples located in the Scottish borders close to the experimental stands used here where such techniques have succeeded. With the advent of improved fast growing Sitka spruce planting stock, the use of improved Sitka in mixture with slower growing species like Scots pine or Alaskan lodgepole pine might be worthy of consideration. If the two species were planted at alternate planting positions such that 1250 plants of each species occupied each hectare of ground, an intimate selfthinning mixture could be created, which would satisfy the need to begin with 2500 trees per hectare. Subsequently, tree numbers would decline slowly to leave 1250 evenly distributed stems of Sitka spruce. That outcome should achieve the desired effect of concentrating growth on what, from this study, appears to be close to the optimum number of stems for the maintenance of typical stand volume production at final harvest (about 1300 ha -1 ). The slow demise of the pines would achieve control of branch growth on the Sitka which should yield logs of sufficient quality to satisfy the requirements of the market for large logs containing only small knots.
